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EFFECTS OF ANGLE OF ATTACK AND BLUNTNESS ON THE 
SHOCK-LAYER  PROPERTIES 0 F . A  15' CONE 
AT A MACH NUMBER OF 10.6 
By Joseph W .  Cleary 
Ames Research Center 
SUMMARY 
An exper imenta l  inves t iga t ion  was conducted  to  de te rmine  the  effects o f  
varying angle  of  a t t a c k  and  nose-b luntness  ra t io  on the  shock- l aye r  p rope r t i e s  
of a typ ica l  con ica l  en t ry  body .  D i s t r ibu t ions  o f  p i to t  and  s t a t i c  pressures  
were  measured  across  the  shock  layer  of a cone  with  15"  semiapex. The measure- 
ments were obtained from wind-tunnel tests i n  a i r  a t  a Mach number of  10.6 
and a f r ee - s t r eam un i t  Reynolds number of 1 .2x106 pe r  foo t .  Resu l t s  a r e  
p r e s e n t e d  a t  f o r e  and a f t  a x i a l  p o s i t i o n s  f o r  s e v e r a l  c i r c u m f e r e n t i a l  a n g l e s  
when a t  angle  of  a t tack .  
P i to t -p re s su re  d i s t r ibu t ions  demons t r a t e  t ha t  t he  f low ove r  the  sha rp  
cone was e s sen t i a l ly  con ica l  excep t  fo r  t he  sepa ra t ed - f low reg ion  on the  l ee -  
ward s ide .  Inc reas ing  b lun tness  r a t io  no t  on ly  caused  p rogres s ive  dev ia t ions  
from conica l   f low  but   a l so   a f fec ted   the   l eeward   f low-separa t ion   pa t te rn .  Com- 
par i sons  wi th  inv isc id  theory  show that  because of  bluntness ,  the f low 
remained attached on t h e  l e e  s i d e  f o r  an a x i a l  d i s t a n c e  o f  s e v e r a l  n o s e  r a d i i  
w h i l e  f a r t h e r  a f t ,  t he  f low sepa ra t ed  in  a manner similar t o  t h a t  o f  t h e  s h a r p  
cone. On t h e  windward s i d e  where the  boundary  layer was t h i n ,  i n v i s c i d  t h e o r y  
accu ra t e ly  p red ic t s  t he  more s a l i e n t  p r o p e r t i e s  o f  shock l aye r s  fo r  bo th  sha rp  
and blunted cones.  
INTRODUCTION 
Knowledge o f  t h e  e f f e c t s  o f  angle  of  a t tack and bluntness  on t h e  d i s t r i b u -  
t i on  o f  flow p rope r t i e s  i n  shock  l aye r s  o f  con ica l  bod ie s  can  be  use fu l  i n  the  
design of hype r son ic  veh ic l e s  t ha t  employ l i f t .  Information on flow  proper- 
t i e s  i n  shock layers i s  h e l p f u l  t o  e v a l u a t e  e f f e c t s  o f  f l o w  asymmetry on con- 
vec t ive   hea t ing ,   loca l   f low  separa t ion ,   boundary- layer   t rans i t ion ,   and ,   as  
shown by the  ana lys i s  of  re ference  1, t h e  dynamics of  en t ry  bodies  as w e l l .  
For l e v e l - f l i g h t  c o n f i g u r a t i o n s ,  knowledge o f  e f f ec t s  o f  ang le  o f  a t t ack  and 
b luntness  on shock- layer  proper t ies  of  the  body may ass is t  in  the  p rope r  d i spo -  
s i t i o n  o f  major  components  such as a i r  i n l e t s  and s t a b i l i z i n g  s u r f a c e s  s o  t h a t  
t h e i r  e f f e c t i v e n e s s  i s  opt imized.   While   theoret ical  methods  have  been  devel- 
oped ( r e f s .  2 ,  3,  and 4 ,  f o r  example) t o  e s t i m a t e . i n v i s c i d  f l o w s  when a t  angle  
of a t tack,  v i scous   f lows ,   in   genera l ,   requi re   exper imenta l   eva lua t ion .  The 
present experimental  investigation presents measurements of shock-layer prop- 
er t ies  on a conica l  body t h a t  show ef fec ts  of  angle  of  a t tack  and  b luntness  
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analysis o  ference ,  entry bodies 
t configurations, e fects of angle of attack 
properties of the the proper dispo-
of components such   surfaces  
effectivene s  . While theoretical ds have be n devel-
r estimateinviscid flows  
s flows, i  gen ral, require xperimental evaluation. 
t experimental investigation presents measurements of shock-layer prop-
  t  of angle of attack and bluntness 
fo r  v i scous  f lows .  These  r e su l t s  are an  ex tens ion  of  those  g iven  in  re fer -  
ence 5 and p r e s e n t  i n  more comple te  form the  pre l iminary  resu l t s  g iven  in  
r e fe rence  6 .  Inv i sc id  so lu t ions  o f  t he  f lows  a re  compared wi th  exper iment  to  
i n d i c a t e  t h e  s i g n i f i c a n c e  of v i scous  e f fec ts  and  the  limits o f  a p p l i c a b i l i t y  o f  
inviscid  theory.  Wind-tunnel  measurements  were made o f  p i t o t -  and s t a t i c -  
p re s su re  d i s t r ibu t ions  ac ross  the  shock  l aye r  o f  a 15"  semiapex  cone.  Angle- 
o f - a t t ack  and cone-bluntness ratios were varied from O o  t o  15O and 0 to  0 .167 ,  
r e s p e c t i v e l y .  The free-stream Mach number was 10.6 and the  f r ee - s t r eam un i t  
Reynolds number was 1 .2x106 p e r  f o o t .  
SYMBOLS 
cP 
D 
L 
M 
P 
9 
R 
R 
Re * 
- 
5 
s,rl 
0 
a 
J, 
P-P, 
p r e s s u r e  c o e f f i c i e n t ,   
9, 
probe diameter 
ax ia l  l eng th  o f  sha rp  cone 
Mach number 
p re s su re  
dynamic p res su re  
nos e r ad ius  
nose  r ad ius  o f  b lun te s t  model 
u n i t  Reynolds number 
base  r ad ius  o f  model 
c y l i n d r i c a l  c o o r d i n a t e s  
angle  of  attack 
r a t i o  o f  s p e c i f i c  h e a t s  
semiapex angle of cone 
f rac t ion  of  shock- layer  th ickness  
surface coordinates  a long and perpendicular  to  body,  respec t ive ly  
local  shock  angle 
conical angular coordinate between the shock and body ax i s  
misal inement  of  the f low to the probe 
2 
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Subsc r ip t s  
min minimum value  
max m a x i m u m  va lue  
P p i t o t  
S s t a t i c  
m free stream 
EXPERIMENTAL METHOD 
Wind-Tunnel F a c i l i t y  
The t e s t s  were conducted i n  a i r  i n  t h e  Ames 3.5-foot  hypersonic  blowdown 
wind t u n n e l  a t  a f ree-s t ream Mach number of 10.6 and a to t a l  t empera tu re  o f  
2000' R .  Tota l  p ressure  of  the  f ree  s t ream was maintained a t  1200 p s i a  by a 
c o n t r o l l e r  t o  p r o v i d e  a f r ee - s t r eam un i t  Reynolds number of 1 . 2 ~ 1 0 ~   p e r   f o o t .  
Although the free-s t ream f low had calor ic  imperfect ions,  the effect  of  imper-  
f e c t i o n s  on p i t o t -  and s t a t i c - p r e s s u r e  c o e f f i c i e n t s  i s  small  and t h e  t e s t  
r e s u l t s  can b e  c o n s i d e r e d  e s s e n t i a l l y  t h o s e  f o r  a per fec t  gas  wi th  y = 1 . 4 .  
The  model was s t ing  suppor t ed  a t  t he  base  as shown i n  f i g u r e  1. The 
angle  of  a t tack ranged from 0" t o  1 5 " .  The  model angle  of  a t tack  and  f ree-  
s t r eam to t a l  p re s su re  were  programmed i n t o  a c o n t r o l l e r  p r i o r  t o  t h e  t e s t  and 
the  ope ra t ion  o f  t he  tunne l  was e s sen t i a l ly  au tomat i c .  Data were  recorded on 
magnet ic   t ape .   Other   de ta i l s   o f   the   wind- tunnel   fac i l i ty   a re   g iven   in  
re ference  7 .  
Models  and Test Procedure 
The b a s i c  model ( f i g .  1) was a s p h e r i c a l l y  b l u n t e d  cone  with a nose 
radius   of  1 inch,  a base  r ad ius  o f  6 inches and a semiapex  of 15". The model 
was cons t ruc t ed  f rom s t a in l e s s  s t$e l  and had a wall thickness  of  0 .375 inch.  
B l u n t n e s s   r a t i o  R / r b  was va r i ed  by a t t a c h i n g   n o s e   t i p s   h a v i n g   r a d i i   o f  
0.375  and 0 inch  ( sharp  cone)  tha t  fa i red  smooth ly  to  the  bas ic  model a t  t h e  
sphere-cone tangent  point .  
The model was ins t rumen ted  wi th  p i to t -  and s t a t i c -p res su re  p robes  
connec ted  to  abso lu te -p res su re  ce l l s  of  50  and  10 p s i a  c a p a c i t y ,  r e s p e c t i v e l y .  
The probes were mounted  on f o r e  and a f t  movable s t r u t s  l o c a t e d  on oppos i te  
s ides  o f  t he  model. P i t o t  and s t a t i c  p r e s s u r e s  were  measured  during  separate 
t e s t s  by interchanging probe and s t r u t  a s s e m b l i e s .  The f o r e  and a f t  s t r u t s  
supported two and t h r e e  p r o b e s ,  r e s p e c t i v e l y  ( f i g .  1 )  . Other  de t a i l s  o f  t he  
probes are g i v e n  i n  f i g u r e  2 .  Traverses  of  the shock layer  were made normal 
t o  t h e  c o n i c a l  s u r f a c e  w i t h  t h e  p r o b e s  a l i n e d  p a r a l l e l  t o  t h e  cone gene ra t r ix .  
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The angular   coord ina te  9 was var ied   in   increments   o f  30" by a n  a x i a l  r o t a t i o n  
of t h e  model. The  model was i n t e r n a l l y  c o o l e d ,  a n d  t h e  r a t i o  o f  t h e  s u r f a c e  
tempera ture  to  free-stream to ta l  t empera tu re  was about 0 .3 .  
Probe Interference and Flow Misalinement 
S i n c e  t h e  l o c a l  Mach number wi th in  the  shock  l aye r  was supersonic ,  the  
probe shock wave in te rac ted  wi th  the  boundary  layer  when the probe was nea r  
t he  con ica l  su r f ace .  While t h e  e f f e c t s  of t h i s  t y p e  o f  i n t e r a c t i o n  on s t a t i c -  
p re s su re  measurements appeared generally small, s i g n i f i c a n t  i n c r e a s e s  o f  p i t o t  
p ressure  were  observed  loca l ly ,  under  cer ta in  condi t ions ,  on t h e  windward s i d e  
of   the   sharp   cone .   Apparent ly   in   reg ions   o f   ex t reme  shear ,   the   p i to t   shock  
was e i t h e r  n o t  normal or  mult iple  shocks formed at  the cone surface thereby 
caus ing  g rea t e r  p i to t  p re s su res .  These  da t a  have  been  de le t ed  s ince  it was 
appa ren t   fo r   t he   sha rp   cone   t ha t   t he  measurements  were  anomalous.  Interfer- 
ence  e f fec ts  on p res su re  measurements from i n t e r a c t i o n  o f  t h e  s t r u t  shock with 
the boundary layer  were invest igated by means o f  a n  o i l  s t r e a k  t e c h n i q u e .  
Observations o f  loca l  sur face  f low indica ted  tha t  the  probes  were  suf f ic ien t ly  
long  to  prevent  the  shock-boundary- layer  in te rac t ion  f rom in te r fe r ing  wi th  the  
pressure  measurements.  Moreover, it was a p p a r e n t   t h a t   t h e   f o r e - s t r u t  wake d i d  
no t  i n t e r f e re  s ign i f i can t ly  wi th  the  f low ove r  the  a f t  p robes .  S ign i f i can t  
i n t e r f e r e n c e  was not  apparent  as the probes penetrated the shock wave from 
t h e  model and p i t o t  p r e s s u r e  d e c r e a s e d  a b r u p t l y  t o  t h e  f r e e - s t r e a m  v a l u e .  
Since the probes were al ined with elements  of  the cone,  misal inement  to  
the   loca l   f low  occurred   dur ing   the   t raverses .   For  a = O", t h e   g r e a t e s t  mis- 
alinement IJJ f o r   t h e   s h a r p  cone  occurred a t  the  shock wave where IJJ = 2.5'. 
This i s  b e l i e v e d  i n s u f f i c i e n t  t o  c a u s e  r e l e v a n t  e f f e c t s  on e i t h e r  p i t o t -  o r  
s ta t ic-pressure  measurements .  However, because   o f   c ross   f low,  IJJ increased  
wi th  increas ing  angle  of  a t tack .  To evaluate   the  importance  of   misal inement  
f o r  c1 > O", es t imates   o f  IJJ were made from ex t r apo la t ions   o f   i nv i sc id   sha rp -  
cone s o l u t i o n s  of the  f low g iven  in  re ference  3 .  These  es t imates   are  shown 
i n   s k e t c h   ( a )   f o r  c1 = 10".   For   the  sharp  cone,  maximum $ occurs a t  t h e  
shock f o r  9 = 100'  and i s  about  equal  in  magni tude  to  the  angle  of  a t tack .  
Sketch  (a) 
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Estimates o f  flow misalinement for blunted cones by t h e  method of  
re ference  4 i n d i c a t e  t h a t  maximum Q occurs a t  the   cone   su r f ace  and is  about 
twice as g r e a t  h e r e  as t h a t  f o r  t h e  s h a r p  c o n e .  However, t hese  l a rge  va lues  
of Q a p p l y  o n l y  t o  t h a t  p a r t  o f  t h e  s h o c k  l a y e r  a d j a c e n t  t o  t h e  s u r f a c e ,  and 
nea r   t he  shock,. I) approaches   the   shock   va lue   for   the   sharp   cone .  To compen- 
sate  p a r t i a l l y  f o r  t h e  e f f e c t s  o f  f l o w  m i s a l i n e m e n t ,  s t a t i c  o r i f i c e s  were 
i n s t a l l e d  on t h e  windward  and  leeward s ides  o f  t he  p robes .  However, because 
o f  t h e  i n h e r e n t  d i f f i c u l t y  i n  a c c u r a t e l y  m e a s u r i n g  s t a t i c  p r e s s u r e  b y  a n  
incl ined  probe,   such  measurements   for   large Q are   considered  mainly  of   qual i -  
t a t ive  va lue .  P i to t -pressure  measurements ,  on the  o ther  hand ,  decrease  very  
s lowly  with  increasing Q; r e fe rence  8 i n d i c a t e s  t h a t  t h e s e  measurements a r e  
v a l i d  even f o r  $ + 20". S i n c e   c o r r e c t i o n s   t o   s t a t i c - p r e s s u r e  measurements f o r  
flow misalinement,  f low curvature,  and viscous interaction were no t  known, t h e  
r e s u l t s  are presented  in  uncorrec ted  form.  
Accuracy 
A t  the  lowes t  pressures  measured ,  the  prec is ion  of  the  pressure  ce l l s  was 
about 1 percent  of the  measured  pressure.  However, because  of  inaccurac ies  in  
eva lua t ing  the  f r ee - s t r eam Mach number, t h e  p r e c i s i o n  o f  p r e s s u r e  c o e f f i c i e n t s  
is  be l i eved  to  be  abou t  2 2  t o  24 pe rcen t .  Angle  measurements a r e  w i t h i n  20.2" 
and probe heights  within k0.02 inch .  
RESULTS AND DISCUSSION 
Locat ions of  the fore  and a f t  t r a v e r s e s  w i t h  r e s p e c t  t o  c h a r a c t e r i s t i c  
dimensions  of  the  cone are shown i n  f i g u r e  3 .  Note t h a t  t h e  c i r c u m f e r e n t i a l  
angle  (I i s  measured  from t h e  most  leeward  conical  ray. To s impl i fy   p resenta-  
t i o n  of  t h e  r e s u l t s ,  t h e  o r i e n t a t i o n  of t h e  windward s i d e  o f  t h e  model has 
been  inverted so  t h a t  d a t a  f o r  (I > 90" and c1 > 0" w i l l  b e  shown r e f l e c t e d  i n  
the  model ho r i zon ta l  p l ane  as i f  o b t a i n e d  f o r  Q < 0 " .  
Experimental  Results 
E f fec t s  o f  ang le  o f  a t t ack  and b lun tness  on t h e  d i s t r i b u t i o n  o f  shock- 
l a y e r  p i t o t  and s t a t i c  p res su res  a t  t h e  f o r e  s t a t i o n ,  x/L = 0.280, are 
p r e s e n t e d  i n  f i g u r e  4 .  S i m i l a r  r e s u l t s  a r e  g i v e n  f o r  t h e  a f t  s t a t i o n  
x/L = 0.784 i n   f i g u r e  5 .  The o r d i n a t e   o f  these figures  has  been  ormal- 
i zed  by t h e  n o s e  r a d i u s  o f  t h e  b l u n t e s t  model R and t h e  p o s i t i o n  o f  t h e  
shock- wave i s  denoted by a h o r i z o n t a l  b a r  whose length  i s  p r o p o r t i o n a l  t o  
b lun tness .  Shock-wave pos i t ions  were  es t imated  f rom the  abrupt  break  in  the  
d i s t r i b u t i o n s  o f  p i t o t - p r e s s u r e  c o e f f i c i e n t  when the shock wave was pene t r a t ed  
by the  p i to t s  du r ing  the  t r ave r ses .  Fo r  some c a s e s  i n  l i e u  o f  p r e s s u r e  mea- 
surements  near  the  shock ,  s ta t ic -pressure  curves  have  been  ex tended  to  the  
v a l u e  o f  s t a t i c - p r e s s u r e  c o e f f i c i e n t  e s t i m a t e d  by oblique-shock theory from 
t h e  shock-wave pos i t i on  de te rmined  by  the  p i to t  t r ave r se .  
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For a s p e c i f i e d  a n g l e  o f  a t tack,  f i g u r e s  4 and 5 show gene ra l ly  l a rge  
e f f e c t s  of b lun tness  on the  shock- l aye r  p i to t -p re s su re  d i s t r ibu t ions .  These  
e f f e c t s  are explained most simply by t h e  r e s u l t s  g i v e n  f o r  a = 0" .  A t  t he  
a f t  s t a t i o n ,  f i g u r e  5 ( a )  shows t h a t  f o r  a = 0" the  sha rp -cone  p i to t  p re s su re  
increases   wi th   increas ing  r l /R as the  boundary  layer i s  t raversed,   and  then 
d e c r e a s e s  i n  a manner cons is ten t  wi th  inv isc id  sharp-cone  theory  as the shock 
is  approached  f rom  the  boundary-layer   edge.   Bluntness   a l tered  this   basic  
sha rp -cone  type  p i to t -p re s su re  d i s t r ibu t ion  by inducing a maximum whose shock- 
l a y e r  p o s i t i o n  r e l a t i v e  t o  t h e  cone  sur face  increases  wi th  increas ing  b lunt -  
nes s .  S imi l a r  e f f ec t s  o f  b lun tness  can  be  obse rved  a t  t he  fo re  s t a t ion  
( f ig .  4 (a ) )  excep t  t ha t  fo r  t he  b lun te s t  cone  (R / rb  = 0 .167)  p i to t  p re s su re  
has i t s  g r e a t e s t  v a l u e  a t  the shock and t h e  d i s t r i b u t i o n  i s  s i m i l a r  t o  t h a t  
p red ic t ed  by blast-wave  theory.   These  effects   of   bluntness   are   discussed  in  
d e t a i l  i n  r e f e r e n c e s  5 and 6 where it  i s  shown from inv i sc id  so lu t ions  o f  t he  
flow that the shock wave of  b lunted  cones  has  an  inf lec t ion  resu l t ing  from t h e  
three-dimensional   thinning  of   the  entropy layer .  I f  t h e  t r a v e r s e  s t a t i o n  i s  
a f t  of t he  shock  in f l ec t ion ,  a maximum will o c c u r  i n  t h e  p i t o t - p r e s s u r e  d i s t r i -  
bu t ion ;  i f  t h e  t r a v e r s e  s t a t i o n  is  f o r w a r d ,  t h e  p i t o t - p r e s s u r e  d i s t r i b u t i o n  
resembles  that  given by blast-wave theory.  
A t  a s p e c i f i e d  ax ia l  p o s i t i o n ,  b l u n t n e s s  e f f e c t s  a r e  s i g n i f i c a n t l y  
changed  by increas ing   angle   o f   a t tack .  On the   l eeward   s ide ,   f i gu re   5 (a )  shows 
t h a t  f o r  R / r b  = 0.0625,   the   p i to t -pressure  maximum approaches  the  shock and 
then vanishes as t h e  shock i n f l e c t i o n  moves a f t  w i th  inc reas ing  ang le  o f  
a t tack.   Conversely,  an oppos i te  e f fec t  o f  angle  of  a t tack  can  be  observed  on 
t h e  windward s i d e .  A s  shown i n   f i g u r e   5 ( a )   f o r  R / r b  = 0 .167 ,   t he   p i to t -  
p ressure  maximum approaches  the  cone  surface as a + -15".  Absence  of maxima 
f o r  R/rb = 0.0625 a t  c1 = -5" and  -10" a t  t h e  a f t  t r a v e r s e  s t a t i o n  i s  a t t r i -  
buted to  swal lowing of  the maxima by the boundary layer.  Although a maximum 
is i n d i c a t e d  f o r  (y. = - 1 5 " ,  t h i s  may r e s u l t  from p robe   i n t e r f e rence   ( s ee  
Experimental Method sect ion)  because of  the extremely thin boundary layer .  
S imi l a r  windward ef fec ts  of  angle  of  a t tack  on p i t o t - p r e s s u r e  maxima can be 
s e e n  i n  f i g u r e  4 ( a )  a t  t h e  f o r e  s t a t i o n  where t h e , f i r s t  a p p e a r a n c e  o f  a maxi- 
mum f o r  R / q  = 0.167 i s  e v i d e n t   f o r  c1 = -15".  For a > 0" and p a r t i c u l a r l y  
c1 = 1 5 " ,  a t t e n t i o n  i s  d i r e c t e d  t o  t h e  l a r g e  e f f e c t s  o f  small b luntness  
(R/rb = 0.0625) on p i t o t - p r e s s u r e   d i s t r i b u t i . o n s  a t  t h e  f o r e  s t a t i o n  ( f i g .  4) . 
f o r  $I 230" and the   compara t ive ly   sma l l   e f f ec t s   fo r  $ > 60".  Apparently,  
the  en t ropy  layer  was t h i n n e d  s u f f i c i e n t l y  by c r o s s  f l o w t h a t  on t h e  windward 
s ide  e f f ec t s  o f  b lun tness  d imin i shed  wi th in  a few n o s e  r a d i i  downstream,  and 
a t  t he  a f t  t r a v e r s e  s t a t i o n  ( f i g .  5 ) ,  l a r g e  e f f e c t s  o f  s m a l l  b l u n t n e s s  a r e  
ev iden t   on ly   fo r  $I = 0 ' .  
Perhaps  of  equal  impor tance  to  the  a forement ioned  ef fec ts  of  b luntness  
a r e  t h e  e f f e c t s  on the thick boundary layers  and s e p a r a t i o n  p a t t e r n s  t h a t  
occur on the   l ee   s ide   o f   sha rp   cones .  From the   sha rp -cone   t r ave r ses   a t  
$I = 0" ( f i g s .  4 ( a )  and  S(a)) i t  can  be  seen t h a t  the  boundary  layer  thickened 
wi th  inc reas ing  ang le  o f  a t t ack .  The abrupt  change i n  p i t o t  p r e s s u r e  midway 
i n  t h e  shock layer a t  t h e  h i g h e r  a n g l e s  o f  a t t a c k  i n d i c a t e s  ( f i g .  4 ( a ) )  t h a t  a 
shea r   su r f ace  formed midway i n  t h e  shock  layer .   In   addi t ion,   the   sharp-cone 
p i t o t  p r e s s u r e  a t  t h e  cone s u r f a c e  i s  about  the same as t h e  s t a t i c  p r e s s u r e .  
These f a c t s  and the  observed  invar iance  of  the  p i to t  p ressure  wi th  increas ing  
q / R  nea r  t he  su r face  ind ica t e  tha t  f l ow sepa ra t ion  occur red  a t  l e a s t  f o r  
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n  the surface ndicate that flow separation occurred   for 
cx = 15".  Furthermore, i t  i s  apparent   f rom  t raverses   for  $ 2 30" t h a t  t h e  
ci rcumferent ia l   extent   of   the   separated  f low was less than  30". Figure  4(a)  
shows t h a t  f o r  cx = 10" and  15",   b luntness   a l leviated  the  abrupt   change  in  
p i t o t  p r e s s u r e  t h a t  c h a r a c t e r i z e s  t h e  s h e a r  s u r f a c e  o f  t h e  s h a r p  c o n e .  Adja- 
c e n t  t o  t h e  cone s u r f a c e ,  t h e  g r e a t e r  p i t o t  p r e s s u r e s  f o r  R / r b  = 0.167  than 
f o r  lesser b l u n t n e s s  i n d i c a t e  t h a t  f o r  t h i s  d e g r e e  o f  b l u n t n e s s  t h e  f l o w  
remained  attached. Flow a t tachment   e f fec ts   o f   b luntness  w i l l  be  demonstrated 
more c l e a r l y  l a t e r  by comparisons with inviscid theory.  
The effects of  b luntness  on s t a t i c - p r e s s u r e  d i s t r i b u t i o n s  were small 
compared to  the  p rev ious ly  obse rved  e f f ec t s  on p i t o t - p r e s s u r e  d i s t r i b u t i o n .  
La rges t  e f f ec t s  o f  b lun tness  on s t a t i c - p r e s s u r e  d i s t r i b u t i o n s  o c c u r r e d  a t  t h e  
f o r e  s t a t i o n  where it c a n  b e  s e e n  i n  f i g u r e  4 t h a t  on the  l eeward  s ide  o f  t he  
b l u n t e s t  cone  (and a l s o  f o r  cx = 0") t he  p re s su re  d i s t r ibu t ions  r e semble  p re -  
d i c t i o n s  by blast-wave  theory.  A t  t h e  a f t  s t a t i o n ,  t h e  d i s t r i b u t i o n  o f  s t a t i c  
pressure  on t h e  l e e  s i d e  was essent ia l ly  cons tan t  and  unaf fec ted  by  b luntness .  
S imi l a r ly ,  b lun tness  e f f ec t s  were  gene ra l ly  small on t h e  windward s i d e ,  and 
f o r  $ = 1 8 0 ° ,  s t a t i c  p r e s s u r e  o f  t h e  s h a r p  and blunted cones decreased grad- 
ual ly   as   the  shock was approached  from  the  cone  surface.   Finally,  it i s  of 
i n t e r e s t  t o  n o t e  t h e  l a r g e  i n c r e a s e  i n  s h o c k - l a y e r  t h i c k n e s s  on t h e  l e e  s i d e  
( f i g s .  4 ( a )  and 5 ( a ) )  due to  b lun tness  even  though increas ing  b luntness  tended  
t o  keep the f low at tached.  
Comparisons With Theory 
Before showing comparisons of experimental  shock- layer properties with 
theory,  some aspects of the sharp-cone shock waves w i l l  b e  examined t o  d e t e r -  
mine the  conical   nature   of   the   experimental   resul ts .   Because  of   the   high 
Reynolds number o f  t h e  t e s t ,  e f f e c t s  of shock-boundary-layer  interact ion on 
the  conical   nature   of   the   f low  were small. However, boundary-layer  growth  and 
subsequent flow separation on the leeward s ide might  have an in f luence  and it  
i s  a p p r o p r i a t e  t o  e v a l u a t e  i f  the shock wave was s i m i l a r  a t  t h e  f o r e -  and 
a f t - t r a v e r s e  s t a t i o n s .  
Sharp-cone shock-wave properties.- Values of the conical coordinate 
u - 6 estimated  from  the  fore  and a f t  t r a v e r s e s  a r e  shown and  compared  with 
theo ry   i n   f i gu re   6 .   Here  i t  can   be   seen   tha t   va lues   o f  u - 6 from t h e   f o r e  
t r ave r ses  ag ree  we l l  w i th  those  from t h e  a f t  t r a v e r s e s .  S i n c e  t h e  g r e a t e s t  
difference between the fore  and a f t  t r a v e r s e s  i s  about  0 .4" ,  i t  i s  c l e a r  t h a t  
the  sharp-cone  shocks  were  essent ia l ly   conical   even a t  c1 = 15" f o r  which 
leeward  separation  occurred.  Theory shown i n  f i g u r e  6 f o r  c1 = 0" i s  an 
inv isc id  so lu t ion  of  the  f low by  the  method of c h a r a c t e r i s t i c s  w h i l e  t h a t  f o r  
cx = 5" and  10" i s  an e x t r a p o l a t i o n  t o  M, = 10.6  of  numer ica l ly  exac t  inv isc id  
so lu t ions  g iven  i n  r e fe rence  3 f o r  t h e  Mach number range 2 t o  7 .  On t h e  wind- 
ward s i d e ,  $ > 120,  f igure  6 shows  good  agreement  between  theory  and  experi- 
ment. However, because  of  boundary-layer  growth  and  subsequent  flow 
separa t ion ,   theory   underes t imated   exper iment   for  0" 5 $ - < 120". 
Assuming the shocks were conical ,  es t imates  were made o f  t h e  l o c a l  
oblique-shock  angles,  e ,  u s ing   t he   expe r imen ta l ly   f a i r ed   cu rves   o f  u - 6 
shown i n  f i g u r e  6.  These estimates are compared wi th  ex t r apo la t ions  o f  t he  
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 shock-wave properties.- Values of the conical coordinate 
cr 0 from the fore and   are compared with 
r in figure 6. Here be seen that values of cr 0 fore 
agr e well with those   Since th  greatest 
 betw en the fore and   t 0.4°,  that 
sharp-cone shocks were essentially conical even  a  °  
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 solution of the flow by the of while that for 
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theory of r e fe rence  3 i n  f i g u r e  7 .  Good agreement between theory and experi-  
ment is  shown f o r  0" 2 c1 5 10" except on t h e  lee s i d e  where viscous effects  
are i m p o r t a n t .   I n   l i e u   o f   t h e o r e t i c a l   r e s u l t s   f o r  a = 15", a cos ine   d i s t r ibu -  
t i o n   o f  e given  by  equation  (1) was assumed for   comparat ive  purposes .  
'max m i  n 'max - emin 
2 2 
+ e  
e =  cos 0 
Experimental  values of and e w e r e   s e l e c t e d   f o r  4 = 0" and  180", 
respect ively,  and used in  equat ionm??)  to  compute the dashed curve shown i n  
f i g u r e  7 .  I t  can  be  seen  that   the   experimental   shock  angles  are c lose ly  
approximated  by a c o s i n e   d i s t r i b u t i o n   o f  8 .  (The i n v i s c i d   s o l u t i o n s   o f   r e f .  3 
a l s o  are closely  approximated by a c o s i n e   d i s t r i b u t i o n   o f   e . )  I t  i s  con- 
c luded from these resul ts  that  boundary-layer  growth and subsequent  f low sepa-  
ra t ion  d id  not  have  an  unusual  e f fec t  on shock shape even though separation 
may be abrupt and accompanied by imbedded shocks (refs. 9 and 10 ) .  
'min 
Sharp-cone shock-layer  propert ies  .- Exper imen ta l  p i to t -  and  s t a t i c -  
p r e s s u r e  d i s t r i b u t i o n s  from the  fore  and  a f t  t raverses  of  the sharp-cone shock 
l a y e r   a r e  compared w i t h   t h e o r y   i n   f i g u r e   8 .  The o r d i n a t e  T-I has  been norm- 
a l i z e d  by t h e  s u r f a c e  d i s t a n c e  from t h e  c o n e  a p e x  t o  t h e  t r a v e r s e  s t a t i o n  5 
s o  t h a t  p r e s s u r e  d i s t r i b u t i o n s  a r e  shown as func t ions  o f  a conica l  coord ina te .  
Except fo r  t he  l eeward  sepa ra t ed - f low reg ion ,  t he  d i s t r ibu t ions  measured a t  
t h e  f o r e  s t a t i o n  a g r e e  well with those measured a t  t h e  a f t  s t a t i o n  ( f i g .  8) , 
thus  ver i fy ing  tha t  the  shock- layer  f low as we l l  as t h e  shock-wave shape was 
e s s e n t i a l l y  c o n i c a l .  Agreement with  theory i s  considered  reasonably  good,  but 
some d i f f e r e n c e s   i n   d e t a i l s   c a n   b e   s e e n .  For  c1 = 0" ,  theory  i s  an  exact 
inv isc id  so lu t ion  of  the  f low by  the  method o f  c h a r a c t e r i s t i c s ,  w h i l e  t h a t  f o r  
a = _ + S o  and ? l o o  is an  ex t r apo la t ion  o f  i nv i sc id  so lu t ions  from reference 3.  
The ve rac i ty  o f  t he  ex t r apo la t ions  has  been  subs t an t i a t ed  by  l imi t ed  computa- 
t ibns  us ing  the  three-d imens iona l  method-of-characterist ics program described 
i n  r e f e r e n c e  4 .  Although t h e o r e t i c a l  s o l u t i o n s  were n o t  a v a i l a b l e  from r e f -  
erence 3 f o r  comparison a t  c1 = + 1 S 0 ,  t he  expe r imen ta l  r e su l t s  are shown f o r  
completeness.  For c1 = 0", f i gu re   8 (a )  shows t h a t   t h e  measured s t a t i c -  
p r e s s u r e  d i s t r i b u t i o n  a g r e e s  w e l l  w i t h  t h e o r y ,  as we l l  as wi th  the  sur face  
measurement shown by the  shaded  inver ted  t r iangular  symbol ,  The p i t o t -  
p r e s s u r e  d i s t r i b u t i o n  a l s o  a g r e e s  well w i th  theo ry ,  excep t  fo r  a s l i g h t  d i f f e r -  
ence i n  l e v e l ,  which  can b e  s e e n  i n  f i g u r e  8 ( a ) .  Reasons f o r  t h i s  d i f f e r e n c e  
a re  no t  known; however ,  s ince  s t a t i c  p re s su re  ag rees  well w i th  theo ry ,  t he  
d i f f e rences  o f  p i to t  p re s su re  imp ly  an inc rease  o f  en t ropy .  S imi l a r  d i f f e r -  
e n c e s  e x i s t  f o r  ( a  I > O", except somewhat be t t e r  ag reemen t  wi th  theo ry  is  
ind ica t ed  on t h e  windward s i d e .  Measurements of   shock   angle   ( f ig .  6) a f f o r d  
an independent check of p i t o t  p r e s s u r e  a t  the shock by oblique-shock theory 
and e s t ima ted  va lues  o f  p i to t -  and s t a t i c - p r e s s u r e  c o e f f i c i e n t  by t h i s  t h e o r y  
are shown i n  f i g u r e  8 as half-shaded symbols.  I t  can  be  seen  tha t  the  obl ique-  
shock est imates  of  pi tot  pressure are  a lso greater  than measured values  but  
the  obl ique-shock  s ta t ic-pressure  es t imates   agree  wel l   wi th   measurements .  On 
t h e  windward s i d e  where the boundary layer was th in ,  t he  ob l ique - shock  e s t i -  
mates d i f f e r  v e r y  l i t t l e  from  conical-flow  theory as expected.   Differences 
shown on the  leeward  s ide  a re ,  o f  course ,  assoc ia ted  wi th  grea te r  
8 
 figur   ent between theory and experi-
  ° ~a ~ ° except   re viscous effects 
rtant. In lieu of theoretical results for  IS° i e distribu-
of 8 by equation (1) comp rative purposes. 
8  8 . 8 - 8 . 
  max l max l
-----=2-----  ~ (1) 
i tal values of 8. 8 re s lected for ~ °  180°, 
ti ely, and used inm~~uationmtf) to dashed curve  
 .  be seen that the experiment l shock angles  
by ine distribution of  solutions o  ref. 
  l  approximated ine distribution of 8.)   
 fro  these results that boundary-layer growth and subsequ nt flow sepa-
 did not h ve an unusual effect  shap  ven though separation 
abrupt nd accompanied by imbedded shocks (refs. . 
-cone shock-layer properties - ri ental t- and s atic-
 distributions  fore and  s of t e sharp-cone shock 
are theory n figure 8.  n been 
  surface distance cone apex to the t averse station ~
 pre sure distributions are  of  c ordinate. 
the leeward separated-flow region, the distributions  
 fore station agree those measured    (fig.  
 verifying that the shock-layer flow  shape 
conical. theory  reasonably good, but 
 rences in details can be seen. a °  exact 
i  solution of the flow by the characteristics, while that for 
 ±so ±10°  extrapolation of inviscid solutions  reference 
of the extrapolations has been substantiated by limited 
using the three-dimensional r t risti s ra  described 
reference  solutions available 
   a ±lso, experimental results   
. For a ° 8(a) the 
r  distribution agrees well with theory,   the surface 
shaded inverted triangular symbol.  
r  distribution also agrees  theory, except for  di fer-
level, can  s en in figure 8(a).  this diff rence 
not ever, si  static pressure agrees  theory, the 
 of pitot pressure imply of entropy. Sim lar differ-
es exist for lal 0°  tt r agreement wi  theory  
  shock angle (fig.   
 independent heck of pre sure  shock oblique-shock theory 
t  values of pi tot- coefficient theory 
 figur   symbols.   be seen hat the oblique-
ck estimates of pitot p ssure are also greater than m asured values but 
oblique-shock static-pressure estimates agree well with measurements.  
  boundary layer the oblique-shock esti-
very l   conical-flow theory Differences 
l eward side are, of course, associated with greater 
experimentally  observed  shock  angles.   For I$ = 0" ( f i g .   8 ( a ) )  and a = 15", 
t he  ob l ique - shock  e s t ima te  o f  p i to t -p re s su re  coe f f i c i en t  i s  about 35 percent  
greater   than  measured.   While   this   di f ference may seem l a r g e ,  i t  could  accrue 
from  only  about  1.5"  difference  in  shock  angle.  However, s i n c e  t h e  measured 
shock angles agree within about ?0.4", it  a p p e a r s  t h a t  t h e  l o s s  o f  p i t o t  p r e s -  
s u r e  may be  assoc ia ted  wi th  a s l igh t  en t ropy  inc rease  wi th in  the  shock  l aye r .  
Observed differences between theory and measured pitot  pressure adjacent 
t o  t h e  cone surface are, of  course,  due to  the boundary layer ,  s ince the 
theory is invisc id .   F igure  8 shows t h a t   f o r  la1 > 0" t h e   t h i n   e n t r o p y   l a y e r  
p red ic t ed  by theory  (as  shown by a f a i r l y  a b r u p t  d e c r e a s e  o f  p i t o t  p r e s s u r e  
a d j a c e n t  t o  t h e  s u r f a c e  f o r  30" < I$ < 150") was e s s e n t i a l l y  swallowed by the 
boundary  layer.   Finally,   from the measured p i t o t - p r e s s u r e   d i s t r i b u t i o n s  a t  
t h e  f o r e  and a f t  s t a t i o n s  it c a n  b e  s e e n  i n  f i g u r e  8 ( a )  t h a t  on t h e  lee s i d e  
f o r  ct = 10"  and  15" the   f l ow  in   t he   shock   l aye r  was not   conical .   Apparent ly ,  
because of  viscous diss ipat ion and turbulent  mixing,  the thickness  o f  t h e  
s e p a r a t e d  f l o w  r e l a t i v e  t o  t h a t  o f  t h e  s h o c k - l a y e r  t h i c k n e s s  d e c r e a s e d  w i t h  
i n c r e a s i n g   a x i a l   d i s t a n c e .  A s  can  be  seen  f rom  f igure  8 ,   however ,   th is  . 
depar ture  from conical f low was r e s t r i c t e d  t o  I$ < 30". 
Blunted-cone shock-  layer  propert ies  .- Measured d is t r ibu t ions  of  shock-  
l a y e r p i t o t  and s t a t i c  p r e s s u r e s  will be  compared f i r s t  with an exact  inviscid 
solut ion of  the f low by the three-dimensional  method o f  c h a r a c t e r i s t i c s  p r o -  
gram of  reference  4.   Comparisons  then  are made with  an  approximate method 
tha t  can  be  appl ied  on  leeward  and  windward r ays .  S ince  so lu t ions  o f  b lun ted -  
cone flows a t  a n g l e  o f  attack by the three-dimensional  method o f  c h a r a c t e r i s -  
t i c s  e n t a i l  s i g n i f i c a n t  computing  time,  comparisons  with t h i s  t h e o r y  are 
l i m i t e d  t o  one  angle  of a t tack,  ct = 10".  This  comparison i s  shown i n  f i g u r e  9 
f o r  R / r b  = 0.167 a t  two a x i a l   s t a t i o n s .  Note t h a t   t r a v e r s e   s t a t i o n s   a r e  
measured  from the  nose  and g i v e n  i n  terms o f  n o s e  r a d i i  ( s e e  f i g .  3 ) .  Also, 
t h e  t h e o r e t i c a l  s o l u t i o n  i s  f o r  M, = 10 ra ther  than  the  exper imenta l  va lue  
M, = 1 0 . 6 .  T h i s  s l i g h t  d i f f e r e n c e  i n  Mach number between  theory  and  experi- 
ment i s  i r r e l evan t  t o  s t a t i c -p res su re  compar i sons  bu t  because  o f  i t ,  t h e  
t h e o r e t i c a l  d i s t r i b u t i o n  o f  p i t o t - p r e s s u r e  c o e f f i c i e n t  i s  low by about 2 o r  
3 percen t .  
With  minor excep t ions ,  f i gu re  9 shows gene ra l ly  good agreement between 
theory  and  experiment. A t  t h e  f o r e  s t a t i o n ,  x/R = 3.4 ,   f igure   9 (a)  shows t h a t  
t h e  measured p i to t  p re s su res  ag ree  c lose ly  wi th  theo ry  even  on t h e  lee s i d e .  
Fa r the r  a f t  a t  x/R = 1 4 . 7  ( f i g .  9 ( b ) ) ,  v i s c o u s  e f f e c t s  on t h e  l e e  s i d e  
appear more prominent  but  the measured dis t r ibut ions of  pi tot  pressure resem- 
b l e  those  p red ic t ed  by  theo ry .  On t h e  windward s i d e ,  v i s c o u s  e f f e c t s  are 
small and it  i s  noteworthy how c lose ly  de t a i l s  o f  t he  measu red  p i to t -p re s su re  
d i s t r i b u t i o n  i n c l u d i n g  t h e  maximum p i t o t  p r e s s u r e  and the  shock  pos i t i on  are 
p red ic t ed  by theory .  However, e x c e p t i o n s  t o  t h i s  good  agreement  can  be  seen 
f o r  example in  the  compar i son  o f  p i to t -  and s t a t i c - p r e s s u r e  d i s t r i b u t i o n s  w i t h  
t h e o r y   i n   f i g u r e   9 ( b )   f o r  I$ = 120"  and  180°,   respectively.  Here, anomalous 
d i f f e rences  arise mainly from a s h i f t  i n  l e v e l  o f  t h e  measured pressures  that  
may be  due to  expe r imen ta l  i naccurac i e s .  
9 
i t ll  observed shock angles. For $  ° . 8(a))    °, 
 oblique- estimate of pitot-pressur  coefficient s t   
 than measured. While this difference  s  l r ,  l  a crue 
from only about 1.5° diff rence in shock angle. r, i ce the r  
shock angles agree within about ± . °,  ppears the loss of pitot pres-
re   a sociated with  li t entropy increase within t e shock layer. 
  betw en theory and measured itot pressur  adjacent 
t  the one surface r ,  course, due to the boundary layer, since the 
t ry is i Figure  s s t t for lal  ° t e thin entropy layer 
t   t ry (as s    f abrupt decrease of pitot pressure 
jacent the surface for ° ~ ~ ~ °) s ll  allo ed by the 
undary layer. Finally, from t  distributions t 
t e fore  t t tions  an s en in figure 8( ) that  e l  i e 
r a 0° and 15° t flow in the shock layer  conical. Apparently, 
se of viscous dissipation and turbule t mixing, the thickness e 
arated fl  relative o ha  of the shock-layer thickness decreased with 
i creasing axial distance. s an b  seen from figure 8, however, this 
rt re fr  flow s tricted t  ~  °. 
l nted-cone properties.-  i s of shock-
layer t t  press ill   irst t  an exact nviscid 
of the flow t thr e-dimensional pro-
r  reference 4. Compariso s then are e an approximate t
t can be applied leeward and indward  Since soluti ns of blunted-
ne flows  angle of tt  t  thr e-dimensional t   characteris-
tics entail sign ficant ting time, compari ons with t theory re 
li ited to ne angle of tt , a °. This comparison is   fig r  
for  .  t t  i l stations. t  t traverse stations are 
from t  nose  iven in t   nose radii (see fig. . , 
t e theoretical solution is for oo 0 than the experimental value 
oo 0.6. This slight differ nce in  t een theory and experi-
t is i to static-pressure compari ons but because of t, t  
t  distribution of pitot-pressur  coefficient is l   t  r 
 t. 
it  minor tions, figure  s ll  d agr ement between 
t and experiment. t t e fore station, . , figure 9(a) s t 
t e  pre sures agree closely with theory even  e l e i e. 
t r ft t  4.7 (fig. 9(b)), viscous effects  e l e side 
r r  ro inent t the measured d stributi ns of pitot pressure resem-
those predicted by theory.  t e i , viscous effects r  
s ll  t s t rt   l  details of the measured pitot-pressure 
including the i  pressur    shoc position  
i t   t r . , ceptions to this od agr ement can be seen 
for l  i  the comparison of pitot-  t i distributions with 
t eory in figure 9(b) for ~  20° and 180°, resp ctively. r , l  
ifferences i  i l  from  in level of the easured r s that 
 e e t  experi ent  ina curacies. 
 
Numerical d i f f i c u l t i e s  a s s o c i a t e d  w i t h  t h i n n i n g  o f  t h e  e n t r o p y  l a y e r  
c u r t a i l e d  s o l v i n g  f o r  t h e  f l o w  by the  three-d imens iona l  method o f  c h a r a c t e r i s -  
t ics  a t  a s t a t ion  fo rward  o f  t he  most a f t  b lunted-cone  t raverse ,  x/R = 4 3 . 9  
( s e e  f i g .  3) . Comparisons t h e r e f o r e  are  made with  an  approximate method 
designated  the  equivalent-body  theory.   This   approximation  has   been shown 
p r e v i o u s l y  ( r e f s .  2 and 6 )  to  y ie ld  adequate  accuracy  for  pre l iminary  compar i -  
sons .  In  essence ,  the  f low a t  angle   of  a t tack i s  approximated  by  an  equiva- 
lent axisymmetric flow over a blunted cone whose  cone angle  equals  the  sur face  
inc l ina t ion  of  the  inc l ined  b lunted  cone .  Because  of  the  e f fec ts  of  c ross f low 
f o r  l a r g e  x/R,  comparisons  by t h i s  method a r e  l i m i t e d  t o  t h e  f l o w  a l o n g  lee- 
ward  and  windward rays  only.  However, s ince   so lu t ions   o f   ax isymmetr ic   f low 
are achieved readi ly ,  comparisons are  made f o r  s e v e r a l  a n g l e s  o f  a t t a c k  and 
a x i a l  s t a t i o n s .  
Figure 10 shows a comparison of  p i t o t -  and s t a t i c - p r e s s u r e  d i s t r i b u t i o n s  
predicted  by  equivalent-body  theory  with  experiment.  To ass i s t  i n  j u d g i n g  t h e  
adequacy  of  equivalent-body  theory,   f igures  10(b)  and  10(f)   also show predic-  
t i ons  p re sen ted  p rev ious ly  fo r  CY = 10"  and M, = 10 by the  three-d imens iona l  
method of   charac te r i s t ics .   These   compar isons   demonst ra te   tha t   equiva len t -body 
theory provides  a good e s t i m a t e  o f  s h o c k - l a y e r  p r o p e r t i e s  f o r  a x i a l  s t a t i o n s  
near   the   nose .  A t  l a r g e r  x/R, equivalent-body  theory  gives   reasonable  e s t i -  
mates   o f   shock- layer   p roper t ies   bu t   there  are d i f f e r e n c e s  i n  d e t a i l s .  If 
CY = O " ,  equivalent-body theory i s ,  of  course ,  the  appropr ia te  ax isymmetr ic  
s o l u t i o n  t h a t  c a n  b e  compared with  experiment   to  show v i scous  e f f ec t s .  Fo r  
t h i s  ca se   f i gu re   10 (d )   i nd ica t e s   t ha t  a t  x/R = 3 . 4  the  boundary  layer was 
t h i n  and theory  agrees   c losely  with  experiment .   For  x/R = 1 4 . 7  and 4 3 . 9 ,  on 
t h e  o t h e r  h a n d ,  t h e o r y  s l i g h t l y  o v e r e s t i m a t e d  t h e  d i s t r i b u t i o n  of  p i t o t -  
p r e s s u r e   c o e f f i c i e n t .  On t h e  windward s i d e  f o r  x/R = 4 3 . 9 ,  f i g u r e  10 shows 
t h a t  as CY -f -15" equiva len t -body  theory   overes t imates   the   d i s tance   to   the  
shock and the level of s t a t i c  p res su re ,  and  t ends  to  unde res t ima te  the  d i s t r i -  
bu t ion   o f   p i to t   p re s su re .   These   sho r t comings   fo r   l a rge  x/R a r e   i n h e r e n t   i n  
t h i s  method s i n c e  i t  i s  b a s i c a l l y  a tangent-cone  approximation. Leeward, f i g -  
u r e s   l O ( e )   t o   1 o ( g j   i n d i c a t e   t h a t   f o r  x/R = 3 . 4  a t  l e a s t ,  t h e  boundary  layer 
w a s  r e l a t i v e l y  t h i . n  and the f low remained at tached as shown by the  gene ra l ly  
c lose  agreement   of   pi tot   pressure  with  theory.  However, wi th   increas ing  x/R, 
agreement with theory i s  no t  as good and it  i s  appa ren t  t ha t  some measure  of 
f low  separat ion was incu r red  a t  x/R = 4 3 . 9 .  
CONCLUDING REMARKS 
Experimental  resul ts  demonstrate  the more s a l i e n t  e f f e c t s  of varying 
nose -b lun tness  r a t io  on the  shock- l aye r  p rope r t i e s  o f  a 15"-semiapex cone. 
Tes ts  a t  angle of attack show t h a t  f o r  M, = 10.6 and Re; = 1 . 2 x 1 0 6  p e r  f o o t  
the  shock- layer  proper t ies  of  t he  sha rp  cone  a re  e s sen t i a l ly  con ica l  excep t  
for  the  separa ted  f low on t h e  l e e  s i d e .  S h o c k - l a y e r  p i t o t -  and s t a t i c -  
p r e s s u r e  d i s t r i b u t i o n s  o f  t h e  s h a r p  cone agree reasonably wel l  with inviscid 
conical  f low theory.  
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lties associated wit  th ning of he entropy layer 
solving for the flow thr e-dimensional characteris-
   forward of the   traverse,   
e fig. .   n approximate 
the equivalent-body theory. This approximation has been 
sly (refs. ) yield adequ te accuracy for preliminary compari-
 In essenc , the flow  of  by an equiva-
 axisy metric flow over  cone cone  equals the surface 
ti n of the inclined blunt d cone. Becaus  of the e fects of crossflow 
large , comparisons by  limited to the fl w along 
and windward only. solutions of axisymmetric flow 
  readily, comparisons are several angles of attack 
l stations. 
  distributions 
i ted by equivalent-body theory with xperiment.   judging the 
uacy of equivalent-body theory, figures lOeb and 10(f) also 
presented previously for a  ° and oo   thr e-dimensional 
ch racteristics. These comparisons demonstrate that equivalent-body 
provides te of shock-layer properties for axi l stations 
the nose.   , theory give  reasonable 
tes of shock-layer rop rties but there  erences in details. 
a 0° theory  course, the appropriate axisymmetric 
that can be experiment to  s e fects. For 
s figure lO(d) indicates that    boundary layer 
agrees closely with experiment. For   .  
 other hand, theory slightly overestima ed the dis ribution 
r coefficient.     for   r   
a ~ _ ° l t-body theory ov restimates the dis ance to the 
k and th  level of ic and tends to underestimate the distri-
of pi tot p ssure. These shortcomings for large  inherent in 
   approximation. 
lO(e) t  10(g) indic te that for    the r layer 
s l  thin flow remained ttached genera ly 
agreement of itot pressur  with theory. increasing , 
t with theory   t that  of 
 separation     . 
 
i ental results demonstrate the e fects  
luntness ratio shock-layer properties of lSo cone. 
   of  for oo  e!  . 6 f ot 
shock-layer properties sharp cone are essentially coni al except 
the separated flow  l e side. Shock-layer pitot-
 distributions of the sharp e agree reasonably well with inviscid 
flow theory. 
 
Inc reas ing  b lun tness  r a t io  causes  p rogres s ive  depa r tu re s  o f  shock- l aye r  
p r o p e r t i e s  from conical flow and a l te rs  the  pa t t e rn  o f  f low sepa ra t ion  on t h e  
lee s ide .  For  la rge  angles  of  a t tack  the  f low over  the  lee  s i d e  o f  t h e  
b lun ted  cone  r ema ins  a t t ached  fo r  s eve ra l  nose  r ad i i  downstream before  separa-  
t ion   deve lops .  When the   f low was a t tached ,   inv isc id   theory   adequate ly  
p red ic t s  t he  shock- l aye r  p rope r t i e s  o f  t he  b lun ted  cone .  
Ames Research Center 
National Aeronautics and Space Administration 
Moffe t t   F ie ld ,  Ca l i f . ,  94035, Aug. 14,  1968 
129-01-03-10-00-21 
REFERENCES 
1. Ericsson,  L .   E .  : Effec t   o f  Nose Bluntness on the  Hypersonic  Unsteady 
Aerodynamics of  an  Ablating  Re-Entry Body. J .  Spacecraf t   Rockets ,  
v o l .  4 ,  no.  6,  June  1967. 
2 .  Gallo,  William F . ;  and  Rakich,  John V . :  Inves t iga t ion   of  Methods f o r  
P red ic t ing  Flow i n  t h e  Shock Layer Over  Bodies a t  Small Angles of 
Attack. NASA TN D-3946, 1967. 
3.  Babenko, K .  I . ,  e t  a l . :  Three-Dimensional Flow of   Idea l  Gas Past Smooth 
Bodies. NASA TT F-380,  1966. 
4 .  Rakich,  John V .  : Three-Dimensional Flow Calcula t ion  by t h e  Method o f  
C h a r a c t e r i s t i c s .  AIAA J . ,  vol .   5 ,   no.   10,  Oct. 1967. 
5 .  Cleary,   Joseph W . :  An Experimental   and  Theoret ical   Invest igat ion  of   the 
P res su re  Di s t r ibu t ion  and Flow Fie lds  o f  Blunted Cones a t  Hypersonic 
Mach Numbers. NASA TN D-2969 , 1965. 
6.   Cleary,   Joseph W . :  E f f e c t s  of  Angle of A t t a c k  and Nose Bluntness on t h e  
Hypersonic Flow Over  Cones. AIAA Paper  66-414,  1966. 
7.  Holdaway,  George H . ;  Polek, Thomas E . ;  and Kemp, Joseph H . :  Aerodynamic 
C h a r a c t e r i s t i c s  o f  a Blunt Half-Cone Entry Configuration a t  Mach Numbers 
of 5 .2 ,  7.4,  and  10.4. NASA TM X-782, 1963. 
8. Liepman, H .  W . ;  and  Roshko, A .  : Elements  of  Gasdynamics. GALCIT,  
Aeronautical  Series,  John Wiley and Sons,  N .  Y .  , 1957. 
9.  Tracy, R .  R . :  Hypersonic Flow Over a Yawed Ci rcu la r  Cone. Hypersonic 
Research Project  Memo. 69 ,  Ca l i fo rn ia  Ins t i t u t e  o f  Techno log ; ,  Aug. 
1963. 
10.  Rainbird, William J .  : Turbulent  Boundary  Layer Growth and  Separation on 
a Yawed 12-1/2" Cone a t  Mach Numbers 1.8 and  4.25. AIAA Paper  68-98, 
1968. 
11 
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